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(57) Abstract 

An interactive cable 
television system is dis- 
closed which utilizes a 
standard television cable 
distribution network (6) for 
simultaneously providing a 
plurality of viewers with an 
interactive television pro- 
gram comprising a plurality 
of signals related in time 
and content. The video sig- 
nals are transmitted in a di- 
gital format (2), more than 
one signal being multi- 
plexed (4) into a data 
stream for transmission of 
multiple signals over a 
single channel. The digital 
video signals may be com- 
pressed (3) for transmitting 
more video signals per 

channel. A receiver (7), in conjunction with a signal selector (8), selects a particular NTSC channel for playback, then selects a 
particular video signal from the multiplexed signal, and uncompresses the video signal for playback to a television monitor (10). 
An alternative embodiment is disclosed wherein the various signals which comprise the interactive program are switched between 
at the head end rather than at the receiver. The multiple choice control unit (9) selects a desired signal by relaying the multiple 
choice selections of the user through a relay box back to a remotely located switching station (4). The switching station routes the 
correct video signal down the appropriate cable channel for the particular user. 
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COMPRESSED DIGITAL DATA INTERACTIVE TELEVISION SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

i 5 The present invention relates generally to interactive response systems, and 

more particularly to an interactive television system which provides interactive 
programming using compressed, digital data having more than one video signal 
per broadcast channel, or a multiplexed signal within a digital format. 

2. Description of the Prior Art 

10 Interactive systems are well known in the art. By synchronizing parallel 

tracks of an information storage media, and relating the content of the various 
tracks, it was found that interactive activity could be simulated. For example, 
commonly owned Freeman, U.S. Patent No. 3,947,972 discloses the use of a time 
synchronized multi-track audio tape to store educational conversations. One track 

15 is employed to relay educational interrogatories to a user, and the remainder of the 
tracks, selectable by a switching mechanism, are used to convey responsive 
messages. 

These systems progressed to interactive television, wherein multiple 
broadcast or cable channels were switched responsive to user selections to provide 
20 interactive operation. Commonly owned Freeman, U.S. Patent No. 4,847,700 
discloses an interactive television system wherein a common video signal is 
synched to a plurality of audio channels to provide content related to user selectable 
responses. 

Commonly owned Freeman, U.S. Patent No. 4,264,925 discloses the use of a 
25 conventional cable television system to develop an interactive system. Standard 
television channels with time synchronized content are broadcast to a plurality of 
users. Each user switches between channels responsive to interrogatories to 
provide interactivity. • 

These systems have been tailored to include memory functions so that the 
30 system can be more interactive, individually responsive, and so that customized 
messages may be given to the various categories of users responsive to 
informational queries. Freeman, U.S. Patent No. 4,602,279 discloses the use of a 
memory to store demographic profiles of television viewers. This information is 
stored to be recalled later for providing target specific advertising, for example. 

1 
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These prior art interactive television systems were generally concerned with 
providing one signal (i.e. one video signal) per channel, whether the channel is on 
cable television, broadcast television, of VCR. Because cable and broadcast 
television channel capacity is becoming more limited as more and more cable 
5 channels are being utilized for conventional programming, and these systems 
require multiple channels, it would be desirable to reduce the channel capacity 
required for such systems while still providing at least the same level of 
interactivity. These disadvantages of the prior art are overcome by the present 
invention which provides an interactive television system which employs 

10 multiple, time-synchronized, content-related video signals per broadcast channel. 

SUMMARY OF THE INVENTION 
The present invention is an interactive cable television system which utilizes 
digital video signals to provide customized viewing responsive to user selections. 
A standard cable or direct broadcast satellite television distribution network is 

15 utilized for transmitting the interactive and other programming to users. The 

present invention allows plurality of viewers to be simultaneously provided with a 
plurality of different program information message signals related in time and 
content to each other. The interactive program comprises a plurality of video 
signals related in time and content to one another. 

20 The video signals are converted into digital format for transmission. In a 

digital format, it is possible to transmit more than one video signal per cable 
television channel. Further, it is possible to transmit video signals via 
conventional telephone lines. If desired, the various digital video signals may be 
compressed before transmission. Compression allows an even larger number of 

25 video signal to be transmitted over a channel of the transmission media. A 
multiplexer combines the various digital signals into a reduced number of 
transmission data streams for transmission. The various NTSC television channels 
may be allocated in a predetermined fashion to maximize the number of 
simultaneously transmittable signals. The multiplexer in conjunction with the 

30 Cable television transmission system multiplexes the desired video signals onto the 
desired channels, and transmits these signals over the NTSC channels. The 
number of video signals which may be multiplexed onto a single transmission 
channel will vary depending on the video signals to be transmitted. The television 
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channels containing multiplexed video signals are transmitted over a standard 
cable television distribution network, or direct broadcast satellite transmission 
system. A receiver receives the various television channels, some or all containing 
multiplexed or non-multiplexed digital video signals, and in conjunction with a 

5 signal selector, selects a particular channel for playback, then selects a particular 
video signal from the multiplexed signal, and finally expands the video signal, if 
necessary, for playback to a television monitor. 

A multiple choice controller operates to control the receiver and signal 
selector to select a particular video signal for playback. The multiple choice 

10 controller may be programmed to map the different cable television channels, and 
the multiple signals thereon, to a serial numerical channel representation to 
simplify use by the user. The signal selector includes the necessary expansion 
apparatus corresponding with the compression scheme in use. 

In practice, a user selects a desired interactive program to be viewed by 

15 selecting a cable or direct broadcast satellite television channel having multiplexed 
video thereon, using the multiple choice controller, the user selectably switches 
between the related video signals on the selected channel responsive to 
information. displays or interrogatory messages, the signal selector de-multiplexing, 
expanding and displaying the selected signal. 

20 If more signals were needed for an interactive program than were mappable 

to a single channel, the signal selector in conjunction with receiver may be 
programmed to switch between the various video signals as well as the various 
broadcast channels to provide the necessary level of interactivity. 

The various information segments in the various video signals relate in real- 

25 time and content so that an interactive conversation can occur as the video signal is 
played back and the user responds to the various interrogatories on the video 
signals. The use of multiple signals per channel may be used for many types of 
interactive programs, including those disclosed in the previously mentioned U.S. 
Patents, for example, field synchronized multiple camera angles from a sporting 

30 event, or an interactive game show. 

In a two-way embodiment, the various signals which comprise the 
interactive program are switched between at the head end rather than at the 
receiver. This embodiment may be used for example in a cable television system, a 
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direct broadcast satellite system, a conventional telephone system modified to 
receive digital video signals, or any other appropriate transmission system capable 
of sending digital video signals. The multiple choice control unit A rather than 
.selecting a desired signal from the a group of incoming signals, selects a desired 
5 signal by relaying the multiple choice selections of the user through a relay box back 
to a remotely located switching station, preferably the cable television source. The 
multiple choice selections may be relayed to the switching station in any 
conventional means, such as two-way cable television, -telephone, or FM 
transmission. If the interactive programming is being transmitted over a telephone 

10 line, the multiple choice selections may be relayed back over the same telephone 
line. The switching station receives the multiple choice selection of the user and 
routes the correct signal down the appropriate cable channel, telephone line, or 
other transmission media for die particular user. In such an arrangement, only a 
single link is required between the subscriber or receiver and the head end so that 

15 the one channel link can be used to receive a plurality of different channel 
selections dependent on the interactive choice relayed from the receiver to the 
video switch at the head end. 

If desired, the two-way link may be used for other purposes, such as to 
transmit user demographic data back to the programming source for commercial 

20 reasons, or to allow an interactive game show player to win prizes, for example. 

The system of the present invention allows improved performance by the 
compression algorithms in use. When a channel change has been requested by the 
user, a slight imperceptible delay is programmed to allow the expansion algorithm 
an opportunity to adjust to the rapid change from one video signal to another. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a block diagram of the Interactive Television System of the 
present invention. 

FIGURE 2 is a block diagram of the system of the present invention in a two- 
way transmission configuration. 
30 DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention is an interactive television system in which a 
plurality of viewers are simultaneously provided with a plurality of different 
program information message signals related in time and content to each other. 
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Preferably at a remote location from the viewer, a plurality of video signals 1 are 
provided, all related in time and content to one another. Video signals 1 may be, 
for example, various field and audio synchronized camera angles of a sporting 
event, or a game show having a content and host acting responsively to user 

5 selections. Alternatively, video signals 1 may be any video signals suitable for 
interactive conversation, such as those described in U.S. Patent Nos. 4,847,700, 
3,947,972, 4,602,279, 4,264,925, 4,264,924, for example, the contents of which are 
incorporated specifically herein by reference. However, it is readily foreseen that 
various types of time and content related video signals exist which are suitable for 

10 interactive operation. 

In previous systems, these various signals would be transmitted to a receiver 
on separate channels, each requiring for example, a separate 6 Mhz NTSC channel, 
assuming the system is an NTSC system although any type of television 
transmission, such as PAL, etc. may be employed if desired. By the present 

15 invention, video signals 1 are directed to analog-to-digital ("A/D") converters 2 
which convert the various video signals into digital format for transmission. A/D 
convertors 2 may be of any conventional type for converting analog signals to 
digital format. It is readily foreseen that an A/D convertor may not be needed for 
each video signal 1, but rather fewer convertors, or even a single convertor might 

20 be capable of digitizing the various video signals 1. It is further foreseen that 
interactive video programs might be delivered to a cable or other distribution 
network in pre-digitized and/or precompressed format. In a digital format, it is 
possible to transmit the various video signals over fewer transmission channels 
than if the video were in analog format. 

25 The digital conversion results in very large amounts of data. It may therefore 

be desirable to reduce the amount of data to be sent, allowing thereby more signals 
to be sent over a single transmission channel. For example, a single frame of NTSC 
video represents over 350 Kbytes of data. Therefore, two hours of standard video is 
about 80 Gbytes. Since there are 30 frames/sec in such video, the data transfer rate is 

30 22 Mbytes /sec. Such large amounts of data are difficult to process using current 
computer technology. However, it is foreseen that rapid advances in 
computerization will eventually permit reception of video at data rates sufficiently 
high to allow reception of uncompressed or expanded video in household systems. 
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In order to reduce die data transfer requirements, die various digital video 
signals may be compressed before transmission. The video may be compressed by 
any conventional compression algorithm, the two most common being "processor 
intensive" and "memory intensive." 

5 The processor intensive approach performs compression by eliminating non- 

changing aspects of a picture from the processing in the frame-to-frame transfer of 
information, and through other manipulations of picture information involving 
mathematical computations that determine the degree to which a given motion or 
other in a picture is perceptible to the human eye This approach depends on high- 

io speed processing power at the transmission point 

The memory approach involves division of a picture frame into hundreds of 
minuscule blocks of pixels, where each block is given a code representing its set of 
colors and variations in luminance. The code, which is a much smaller increment 
of information than all the information that would describe a given block of the 

15 picture, is transmitted to the receiver. There, it calls up the identically coded block 
from a library of blocks stored in the memory of the receiver. 

Thus, the bit stream represents a much smaller portion of the picture 
information in this approach. This system is generally limited by the variety of 
picture blocks which may be stored in the receiver, which relates directly to memory 

20 size and microprocessor power. 

Data Compressors 3 are provided to reduce the data for each video signal 
which must be transmitted. Data compressors 3 may be of any conventional type 
commonly known in die art for compressing video images, such as those 
previously described. It is foreseen that compression of the various video signals 

25 might be done with fewer data compressors 3 than one compressor per video signal. 
In a conventional analog NTSC system, by way of example, it is possible to transmit 
one video signal per 6 MHZ channel. By digitizing the video signal, it is possible to 
send more than one video signal per channel. Compressing the digitized signals, 
allows even more video signals to be transmitted over a single transmission 

30 channel. The number of signals which may be sent over a single channel is 
generally related to, for example, a) the type of video being sent; b) the video 
compression scheme in use; and c) the current state-of-the-art in computer and 
memory power; and d) the bandwidth of the transmission channel. 
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Compression techniques exploit the fact that in moving images there is very 
little change from frame-to-frame. Editing out the redundancies between frames 
and coding just the changes allows much higher compression rates. The type of 
video which normally contains a great deal of high-speed movement, such as 
5 occurs at live sporting events, will, therefore, have the lowest compression rates. 
Movies, on the other hand, which normally have a lower frame rate and less 
frame-to-frame change than a line sporting event will achieve higher compression 
rates. Currently, compression can be varied from 2:1 to 10:1 for satellites, and 2:1 to 
5:1 for cable television systems, depending on the degree of motion. However, it is 

10 readily foreseen that compression techniques will improve in the future to provide 
larger compression rates. It is further foreseeable that computer speeds may 
increase to a level of performance which will allow uncompressed or expanded 
video to be transmitted at more than one signal per channel. 

Once the various video signals 1 have been digitized and compressed, 

15 multiplexer 4 combines the various digital signals into a reduced number of 

transmission data streams for transmission. For example, if 68 NTSC channels are 
available, and each channel is capable of transmitting either 4 digitized, compressed 
slow moving video signals (e.g. movies) or 2 digitized, compressed, high-speed 
video signals (e.g. sports) then the various NTSC channels must be allocated in a 

20 predetermined fashion to maximize the number of simultaneously transmittable 
signals. Multiplexer 4 receives the incoming compressed, digitized video signals 
and in a predetermined conventional fashion, in conjunction with transmitter 5, 
multiplexes the desired video signal onto the desired channels, and transmits these 
signals over the NTSC channels. It is readily foreseen that certain NTSC channels 

25 will contain only one video or other signal, in analog or digital form. 

As indicated earlier, the number of video signals which may be multiplexed 
onto a single transmission channel will vary. The transmission data stream is 
transmitted by transmitter 4 via transmission media 6 to a receiving station 7. The 
transmitter 4, media 6, and receiver 7 may be any conventional means for 

30 transmitting digital video signals including broadcast television, cable television, 
direct broadcast satellite, fiber optic, or any other transmission means. The 
transmission means may even be a telephone system capable of transmitting a 
digital video data stream. Thus, a multiplexed data stream having several channels 

7 
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may be sent directly to a user over a single telephone line. It is readily foreseen that 
the aforementioned digital transmission devices may include means for 
transmitting analog signals as well. 

In a preferred embodiment, the digital transmission signal is preferably 
5 transmitted via cable television. Receiver 7, receives the various NTSC channels, 
some or all containing multiplexed or non-multiplexed digital video signals. 
Ordinarily, more than one channel will be transmitted by transmitter 5 and 
received by receiver 7 as in an ordinary cable television system. However, each of 
the different channels may have several digitized video signals thereon. Therefore, 

10 receiver 7 preferably operates in conjunction with signal selector 8 to select a 

particular NTSC channel for playback, to select a particular video signal from the 
multiplexed signa and finally to uncompress or expand the compressed video 
signal, if necessary for playback to monitor 10. 

Multiple choice controller 9 operates to control receiver 7 and signal selector 

15 8 to select a particular video signal for playback. In practice,, a user need not know 
that multiple signals per channel are in use. If, for example, 68 channels with 4 
signals-per-channei were in use, controller 9, in conjunction with receiver 7 and 
signal selector 8 might be programmed to represent these channels to the user as 
channels 1272. Output 10 is for example a conventional television. Signal selector 8 

20 preferably includes a conventional de-multiplexer for selecting a particular signal 
from the channel currently being received by receiver 7. Signal selector 8 further 
includes the necessary un-compression or expansion apparatus corresponding with 
the compression scheme in use by compressors 3. 

In practice, a user would select a desired interactive program to be viewed by 

25 selecting a cable television station or direct broadcast satellite station having 

multiplexed video thereon. Using multiple choice controller 9, the user selectably 
switches between the related video signals on the selected channel channels 
responsive to information displays or interrogatory messages, signal selector de- 
multiplexing, uncompressing or expanding and displaying the selected signal. 

30 * For example, an interactive sporting event program might be transmitted on 
a 6 MHZ cable television signal using a compression-multiplexing scheme which 
allows two sports channels to be transmitted over a single NTSC channel. It might 
be desired to have four video signals for the particular interactive sporting event. A 
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first video signal might contain the standard broadcast signal of the game; the 
second signal might contain a close-up view of the game action; a third signal mighi 
contain a continuously updated replay of game highlights; the fourth signal might 
contain statistical information. These four video signals might for example be 

5 multiplexed as follows: signals one and two multiplexed onto cable channel 34; 
signals three and four multiplexed onto cable channel 35. These four signals might, 
however, be mapped by controller 9 to playback as channels 78, 79, 80, and 81 for the 
user. Each video signal of this interactive program might then includes a label 
which reads, for example, "Full-Screen Action - Press 78: Close-up Action -Press 79: 

10 Replay - Press 80: Statistics - Press 81." 

As shown, if more signals were needed for an interactive program than were 
mappable to a single channel, signal selector 8 in conjunction with receiver 7 may 
be programmed to switch between the various video signals 1 as well as the various 
broadcast channels to provide the necessary level of interactivity. 

15 The multiplexed interactive program might be transmitted over a single 

telephone line, if desired. In this embodiment, multiple choice controller 9 would 
be programmed to switch between the various video signals on the single 
telephone line. If additional channels were desired, a two-way configuration might 
be used as described below. 

20 The system of the present invention may be utilized in an educational 

embodiment. Information is stored on each video signal in a plurality of 
reproducible information segments, each of which comprises a complete message 
reproducible by the receiver directly in response to the selection of the video signal 
by signal selector 8 responsive to a user selection on multiple choice controller 9. 

25 Each of the information segments in the various video signals 1 contain 

interrogatory messages with associated multiple choice responses, responsive 
messages, informational messages, or combinations thereof. The messages 
contained in the various video signals 1 may include responsive messages, 
informational messages, interrogatory messages or combination thereof whose 

30 contents are related in real-time to particular interrogatory messages, and 
correspond to the multiple choice selectable responses to the particular 
interrogatory messages. 
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The various information segments in the various video signals relate in real- 
time and content so that an interactive conversation can occur as the video signal i> 
played back and the child responds to the various interrogatories contained in the" 
video signals. As a child answers a particular interrogatory with a multiple choice 
5 response, the information in the video signal associated with the particular 

selection is played back by the signal selector 7. In the selected video signal at the 
time at which the selection occurred, is an information segment whose content 
corresponds with the selected response to the previous interrogatory, whether or 
not the interrogatory was in the same video signal as the information segment 
10 being output. The various interrogatories, responsive messages, and informational 
messages may generally be contained in any or all of the various video signals 
provided that they are synchronized properly so as to retain a timed relationship, 
and correspond properly a decision tree logic. 

The use of multiple signals per channel may be used for many types of 
15 interactive programs, preferably those disclosed in the previously mentioned U.S. 
Patents. It is readily foreseen that other interactive programs may be developed 
which are within the scope of the present invention. 

As shown in FIG. 2, the system of the present invention may be operated in a 
two-way configuration. In this mode, the various video signals 1 are processed as 
20 previously described, being digitized by A/D converter 2 and compressed by video 
compressors 3. The signals are then routed to a central switching station 4. In this 
embodiment, the switching between the various video signals is accomplished at 
the head end rather than at the receiver. Multiple choice control unit 9 relays the 
multiple choice selections of the user through a relay box 7 back to the remotely 
25 located switching station 4. The multiple choice selections may be relayed by relay 
box 7 to the switching station via any conventional means, such as two-way cable 
television, telephone, or FM transmission, for example. Switching station 4 
receives the multiple choice selection of the user and routes the desired signal to 
transmitter 5 which conventionally transmits the desired video signal down the 
30 appropriate cable channel for the particular user. If desired, transmitter 5 may also 
transfer conventional programming on the cable television channels not being 
used for interactive programming. Alternatively, switching station 4 may include 
multiplexing equipment as previously described, and thus operate multiple 

10 
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interactive or noninteractive programs over a single television channel. However, 
a very large processing capability would be needed to operate in such a 
configuration. 

For example, if it were desired to implement the interactive football game 
5 program as previously described, a single NTSC cable channel might be allocated for 
the program. However, in this instance, the four video signals would be present at 
the transmitting end. In response to a signal from wireless controller 9, a signal is 
sent by relay box 7 to the cable TV switching station which routes the desired video 
signal to the requesting viewer. Such a system requires very fast switching 
10 equipment, but is readily foreseeable using digital imagery. 

Alternatively, it might be desirable to transmit the interactive sporting event 
over a single telephone line. When the user enters a selection on controller 9, a 
signal is sent via the telephone line to the central switching station which routes 
the desired signal of the interactive program over the user's telephone line so that a 
15 single link handles both the interactive choice being made at the receiver and the 
transmission of that choice, out of a plurality of choices, from the head end where 
the actual switching takes place in response to the interactive selection made at the 
receiver. 

The two-way link between the user and the switching station may be used for 
20 other purposes. For example, demographic data may be transferred from the user to 
the broadcast network for commercial purposes, bills may be paid, a game show 
winner may be sent a prize, or other commercial or non-commercial purpose may 
be achieved. 

As previously described, compression systems generally perform less 
25 efficiently when frame-to-frame content includes many changes in pixel content; 
i.e. during fast motion, or scenery changes. The system of the present invention 
may be advantageously programmed to ease the processing burden on the 
uncompression program. When a key on the controller is depressed to select a 
desired signal, a slight imperceptible delay might be effectuated if desired. This 
30 delay would allow the uncompression or expansion algorithm a short period of 
time to adjust to the rapid change from one video signal to another which 
ordinarily causes a degradation in its efficiency. Utilizing this delay, it may be 
possible to increase the number of signals which may be transmitted per channel. 

11 



SDOCID: <W0_9311617A1J_> 



WO 93/11617 PCT/US92/09785 
Although the present invention has been described in detail with respect to 
certain embodiments and examples, variations and modifications exist which are 
within the scope of the present invention as defined in the following claims. 



«-WO atVMA17Al I 



12 



WO 93/11617 PCT/US92/09785 

What is claimed is: 

1. In an improved interactive television system having: 

a plurality of television reception systems (7,10), each of said television 

reception systems (7,10) comprising a television receiver (7), each of said television 
5 receivers (7) having a plurality of different television reception channels, each of 

said television reception channels having a different communication frequency; 

and, 

a television programming transmission means (5) for substantially 
simultaneously providing a multi-information television program signal to said 
10 television reception systems (7,10), said multi-information television program 
signal comprising a plurality of simultaneously provided different information 
signals (1) each related in real time and content to each other; 

wherein the improvement comprises: 

said information signals (1) being in a digital format, and 
15 each of said plurality of information signals (1) having a communication 

frequency corresponding with one of said plurality of different television reception 
channels, more than one of said information signals (1) being capable of having the 
same communication frequency and being combined into a multiplexed program 
signal with at least one other of said more than one of said information signals (1), 
20 said more than one information signals (1) in the multiplexed program signal being 
substantially simultaneously transmittable; 

any of said different television reception channels being capable of carrying a 
single information Signal or a multiplexed program signal; 

each of said television receivers (7) being capable of independently selectably 
25 receiving any of said plurality of information signals (1), each of said television 
receivers (7) comprising (i) a multichannel selection means (8) for selecting the 
television Teception channel frequency to be received, and (ii) signal selection 
means (8) for selecting a particular information signal from the multiplexed 
program signal, each of said information signals (1) having a numerical channel 
30 representation in said multichannel selection means (8); 

at least one of said information signals (1) further comprising video 
information displayable on said television receiver (7) corresponding to 
informational labels to be dynamically assigned to said numerical channel 
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representations for a particular multi-information television program, said 
television displayable informational labels being, dynamically variable dependent 
on the content of said multi-information television program, 

whereby flexible multi-information television programming may be 
5 provided with a reduced number of television channels. 

2- An improved interactive cable television system according to claim 1 
wherein said information signals (1) comprise a plurality of successive information 
segments, and at least a portion of said plurality of said information segments on 
said plurality of information signals (1) being content related in a decision tree 
10 relationship between successive individual segments and between information 
signals (1) whereby a stored accumulation program format may be received as said 
selectable multi-information television programming. 

3. An improved interactive television according to claim 1 wherein said 
television programming transmission means (5) further comprising means for 
15 substantially simultaneously providing at least one regular broadcast television 
signal, having a communication frequency, to said television reception systems 
(7,10) on said frequency, said television receivers (7) being capable of receiving said 
at least one regular broadcast signal on a channel corresponding with said 
frequency. 

20 4. An improved interactive television system according to claim 3 

wherein said multiplexed program signal further comprises at least one regular 
broadcast television signal. 

5. An improved interactive television system according to claim 1 
wherein said television programming transmission means (5) provides said multi- 

25 information television program signal to said television reception system by means 
of a one way television signal distribution network (6). 

6. An interactive television system having a plurality of television 
reception systems (7,10), each of said television reception systems (7,10) having a 
television receiver (7), each of said television receivers (7) having at least one 

30 television reception channel, each of said at least one television reception channels 
having a different communication frequency, 

a television distribution network (6) for distributing television programming 
to said plurality of television reception systems, and 
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a television transmission means (5) operatively connected to said 
distribution network (6) for providing said television programming to said plurality 
of television reception systems (7,10), said television transmission means (5) for 
providing a multi-information television program signal as said television 
5 programming to said television reception systems, said interactive television 
system comprising: 

multiplexing means (4), coupled to said transmission means (5), for 
providing a multiplexed multi-information television program signal; 

digitizing means (2), coupled to said multiplexing means (4), for digitizing a 
10 plurality of multi-information segments, each multi-information segment 

comprising a plurality of simultaneously provided different information signals (1) 
related in real time and content to each other, multiplexed (4) at a communication 
frequency so as to become said multiplexed multi-information television program 
signal which may be substantially simultaneously reproducible; 
15 each of said television receivers (7) being capable of independently selectably 

receiving information on any one of said at least one television reception channel 
dependent on the television reception channel selected; 

said television reception systems further comprising a multi-information 
selection means (8,9) coupled between said distribution network (6) and said 
20 television receiver (7), said multi-information selection means (8,9) comprising 
signal selection means (8) coupled to said subscriber distribution network (6) for 
demultiplexing said multiplexed multi-information television program signal and 
selectively providing an output signal comprising only one of said related different 
information signals (1) for regenerating said output signal on said television 
25 receiver (7,10) in said one television reception system; 

whereby viewers in said television system may independently selectably 
view any of said simultaneously provided different information signals, said multi- 
information television programming being received on a multiplexed reception 
channel. 

30 7. An interactive television system according to claim 6 wherein said 

television programming further comprises a plurality of different regular television 
program signals along with said multiplexed multi-information television program 
signal, each of said different regular television program signals having a 
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communication frequency, more than one of said regular television program 
signals being capable of having the same communieation frequency, each of said 
different regular television program signals being capable of being multiplexed with 
said at least a portion of said informaHon signals (1), each of said different regular 
5 television program signals being directly selectably receivable by said signal 
selection means (8) and displayable on a corresponding television reception 
channel. 

8. An interactive television system according to claim 6 wherein said 
distribution network .(6) being selected from the group consisting of cable television, 

10 telephone, broadcast television, and direct broadcast satellite. 

9. An interactive television system according to claim 6 wherein said 
selection means (8,9) comprises keyboard means (9) comprising a plurality of keys 
for selectably enabling converting of any one of said associated frequencies of said 
simultaneously provided different information signals (1) into said television 

15 reception channel associated frequencies dependent on the key selected. 

10. An interactive television system according to claim 9 wherein said 
multi-information segments comprise video information displayable on said 
television receiver (7) corresponding to information labels to be dynamically 
assigned to said keys for a particular multi-information segment, said television 

20 displayable information labels being dynamically variable dependent on the content 
of said particular multi-informational segment. 

11. An interactive television system according to claims 6 or 10 wherein at 
least a portion of said plurality of said information segments on said plurality of 
information signals (1) being content related in a decision tree relationship between 

25 successive individual segments and between information signals (1) whereby a 
stored accumulation program format may be received as said selectable multi- 
information television programming. 

12. An interactive television system according to claim 6 wherein at least 
at least two of said simultaneously provided different information signals (1) 

30 comprise different field synchronized camera angles of the same event. 

13. In an improved interactive television system having a plurality of 
television reception systems, each of said television reception systems comprising a 
television receiver (7), each of said television receivers (7) having a plurality of 
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different television reception channels, each of said television reception channels 
having a different communication frequency; 

a television distribution network (6) for distributing television programming 
to said plurality of television reception systems; and 
5 a television transmission means (5) operatively connected to said 

distribution network (6) for providing television programming to said plurality of 
television reception systems (7,10), said television programming transmission 
means (5) having means for substantially simultaneously providing a multi- 
information television program signal as said television programming to said 
10 television reception systems; 

said multi-information television program signal comprising a plurality of 
simultaneously provided different information signals (1) related in real time and 
content to each other; 

wherein the improvement comprises: 
15 digitizing means (2), for digitizing said plurality of simultaneously provided 

different information signals (1); 

switching means (4), coupled between said digitizing means and said 
transmission means (5), for selecting one of said plurality of simultaneously 
provided different information signals (1) responsive to a control, signal 
20 corresponding to a particular television receiver for transmitting said selected signal 
to said particular television receiver, said control signal being received over a 
transmission media; 

each of said television receivers (7) being capable of independently selectably 
receiving any of said plurality of information signals (1) dependent on the 
25 television reception channel selected, 

each of said television receivers (7) comprising a selection means (8) for 
selecting the television reception channel associated frequency to be received, and 

signal selection means (7,8) for generating and transmitting said control 
signal to said distribution network (6) for signalling said switching means (4) to 
30 transmit a particular information signal from said plurality of information signals 
(1) to said television receiver (7), 

whereby flexible multi-information television programming may be 
provided with a reduced number of television channels. 
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14. An improved interactive television system according to claim 13 
wherein said information signals (1) comprise a plurality of successive information 
segments, and at least a portion of said plurality of said information segments on f 
said plurality of information signals (1) being content related in a decision tree 

5 relationship between successive individual segments and between information 
signals (1) whereby a stored accumulation program format may be received as said 
selectable multi-information television programming. 

15. An improved interactive television according to claim 13 wherein said 
transmitted television programming further comprises at least one regular 

10 broadcast television signal having a communication frequency, said television 
programming transmission means (5) further comprising means for substantially 
simultaneously providing said at least one regular broadcast television signal to 
said distribution network (6) on said communication frequency, said television 
receivers (7) being capable of receiving said at least one regular broadcast signal on a 

15 channel corresponding with said frequency. 

16. An improved interactive television system according to claim 13 
wherein said distribution network (6) being selected from the group consisting of 
two-way cable television, two-way telephone, and two-way direct broadcast satellite. 

17. An improved interactive television system according to claim 13 
20 wherein said control signal transmission media being selected from the group 

consisting of telephone, cable television, FM transmission, and fiber-optic. 

18. An improved interactive television system according to claims 13 or 14 
wherein each of said information signals (1) having a numerical channel 
representation in said multichannel selection means; 

25 at least one of said information signals (1) further comprising video 

information displayable on said multichannel television receiver (7) corresponding 
to informational labels to be dynamically assigned to said numerical channel 
representations for a particular multi-information television program, said 
television displayable informational labels being dynamically variable dependent 

30 on the content of a said multi-information television program. 

19. An improved interactive television system according to claims 2, 11 or - 
14 wherein said displayable informational labels dynamically vary according to the 
successive decision tree selections to be made. » 
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20. An improved interactive television system according to claims 1, 6 or 
13 further comprising means (3), coupled to said transmission means, for 
compressing said digital information signals (1). 
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AMENDED CLAIMS 

[received by the International Bureau on 23 April 1993(23.04.93); 
original claim 19 amended; other claims unchanged (1 page)] 

14. An improved interactive television system according to claim 13 
wherein said information signals (1) comprise a plurality of successive information 
segments, and at least a portion of said plurality of said information segments on 
said plurality of information signals (1) being content related in a decision tree 

5 relationship between successive individual segments and between information 
signals (1) whereby a stored accumulation program format may be received as said 
selectable multi-information television programming. 

15. An improved interactive television according to claim 13 wherein said 
transmitted television programming further comprises at least one regular 

10 broadcast television signal having a communication frequency, said television 
programming transmission means (5) further comprising.means for substantially 
simultaneously providing said at least one regular broadcast television signal to 
said distribution network (6) on said communication frequency, said television 
receivers (7) being capable of receiving said at least one regular broadcast signal on a 

15 channel corresponding with said frequency. 

16. An improved interactive television system according to claim 13 
wherein said distribution network (6) being selected from the group consisting of 
two-way cable television, two-way telephone, and two-way direct broadcast satellite. 

17. An improved interactive television system according to claim 13 
20 wherein said control signal transmission media being selected from the group 

consisting of telephone, cable- television, FM transmission, and fiber-optic. 

18. An improved interactive television system according to claims 13 or 14 
wherein each of said information signals (1) having a numerical channel 
representation in said multichannel selection means; 

25 at least one of said information signals (1) further comprising video 

information displayable on said multichannel television receiver (7) corresponding 
to informational labels to be dynamically assigned to said numerical channel 
representations for a particular multi-information television program, said 
television displayable informational labels being dynamically variable dependent 

JO on the content of a said multi-information television program. 

19. An improved interactive television system according to claim 2 or 14 
wherein said displayable informational labels dynamically vary according to the 
successive decision tree selections to be made. 
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STATEMENT UNDER ARTICLE 19 

Claim 19 has been amended in response to "Box I" of the 
International Search Report. "Box V stated that claim 19 was not drafted in 
accordance with the second and third sentence of Rule 6.4(a). As originally 
filed, Claim 19, a multiple dependent claim, depended from claim 1 1 
another multiple dependent claim. Claim 19 has been amended so that it no 
longer depends from claim 11. Applicant apologizes for any inconvenience 
this error may have caused. 

Applicant requests acceptance of claim 19 and that the International 

Search Report be "established in respect of claim 19." 
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pause-resume for video-on-demand applications 

Philip S. Yu, Joel L. Wolf, Hadas Shachnai 

JBM Research Division. Thomas J. Waison Research Center. Yorktown Heights, NY 10593, USA 



Abstract. In a video-on-demand (VOD) system, subscribers 
can choose both the movie they wish to view and the time 
they wish to view it. In such an environment there are invari- 
ably "hot" videos which are requested by many viewers. The 
requirement that each viewer be able to independently pause 
the video at any instant and later resume the viewing with 
little delay can cause difficulties in batching viewers for each 
showing. Under batching, a single video stream is shared by 
multiple concurrent viewers and a resume request has to wait 
for additional stream capacity to become available before ac- 
tual resumption can occur. The conventional approach to the 
support of on-demand pause-resume provides one video ac- 
cess stream to disks for each video request. This can greatly 
increase the disk arm requirements of a VOD system. In this 
paper, we propose a more efficient mechanism to support 
the pause-resume feature using look-ahead scheduling with 
look-aside buffering. The idea is to use buffering to increase 
the number of concurrent viewers supportable. The concept 
of look-ahead scheduling is not to back up each viewer with 
a real stream capacity so he can pause and resume at any 
time, but rather with a (look-ahead) stream that is currently 
being used for another showing which is close to completion. 
Before the look-ahead stream becomes available, the pause 
and resume features have to be supported by the original 
stream through (look-aside) buffering of the missed content. 
It is shown via simulations that the proposed scheme can 
provide a substantially greater throughput than the approach - 
without batching. Furthermore, for a given amount of buffer, 
the improvement in throughput grows more than linearly 
with the stream capacity of the server. In other words, the 
look-ahead stream scheduling scheme operates with good 
economy of scale because it is easier to form look-ahead 
streams for video servers with larger stream capacity. 

Key words: Video-on-demand - Pause-resume - Perfor- 
mance analysis 
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1 Introduction 

Multimedia servers are quite different from those of con- 
ventional computer file systems. For one thing, multimedia 
information, including motion video and audio, requires a 
guaranteed transfer rate. In NTSC video, for example, re- 
trieval from or update to a storage system must have a 
sustained and almost constant rate of 30 frames/s. Besides 
the strict timing requirement, multimedia storage systems 
typically require large storage capacity, since the data rates 
for motion video are quite high. For example, 1.5 Mbps for 
MPEG-compressed video [6] corresponds to 1 .5 GB for each 
2-h movie. 

A common application of multimedia servers is video- 
on-demand (VOD) [11, 13] service. In a VOD system, sub- 
scribers can choose both the video they wish to view and 
the time they wish to view it. This contrasts with services in 
which users can choose only from a small set of selections 
and/or watch them at prespecified times. For the purpose of 
this paper we consider VOD systems in which the service is 
homogeneous. In other words, a large number of multimedia 
streams of the same format, for example MPEG compressed, 
are stored and retrieved. 

Pause and resume operations are among the most com- 
monly used features on VCRs. In a VOD environment, there 
are inevitably "hot" videos which are requested by many 
viewers. Batching multiple viewing requests for the same 
video can greatly increase the number of viewers support- 
able by the video server. However, the requirement that each 
viewer be able to independently pause the video at any in- 
stant and later resume the viewing has caused difficulties in 
batching the viewers of each showing. In the VOD environ- 
ment, viewers may be forced to wait before stream capac- 
ity becomes available to start the showing. However, once 
viewers have been admitted into the showing, it is gener- 
ally felt undesirable to force them to incur a long wait for . 
stream capacity to resume after a pause. To make sure that 
the pausing viewers can resume at any time, conventional 
approaches provide one video disk stream for each video re- 
quest. Thus no batching is permitted. For each VOD server, 
there is a maximum number of video disk streams that can 
be supported. This is referred to as the stream capacity of 
the server. For example, if each disk can support N v9tr€0 m 
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simultaneous video streams, a video server with Ndisk disks 
will have a stream capacity of N v&treom N disk , (Note that 
^vstrcam will depend upon ihe disk arm scheduling algo- 
rithm and the amount of buffer available to support each 
round of retrieval [9, 15].) Clearly, the number of viewers 
supportable under the conventional approach is at most equal 
to the stream capacity of the server. 

In this paper, we propose an efficient mechanism to sup- 
port the pause and resume feature while allowing batching 
of concurrent viewers of the same video. The objective is 
to support a larger number of viewers than the stream ca- 
pacity by employing the new concepts of look-ahead stream 
scheduling with look-aside buffering. This is referred to as 
the LASS scheme. Since VOD systems are often disk arm 
limited and the price of memory typically decreases far more 
rapidly than the price of disks, we explore techniques using 
memory buffering to reduce the disk arm requirements or 
to increase throughput (the maximum viewers supportable) 
for a given stream capacity. The intent is to allow batching 
of concurrent viewers and avoid backing up each viewer by 
a real video stream as much as possible. Instead, streams 
which are currently being used for other showings but are 
close to completion are used to back up batched viewers, so 
that pause and resume can be done at any time. These are 
referred to as look-ahead streams. When a stream designated 
as a look-ahead stream for another showing completes, if the 
backed up viewer is not in pause mode, we look for another 
look-ahead stream to replace it so the completing stream can 
be used instead to accommodate a showing for other waiting 
viewers. (Thus the identity of a viewer's look-ahead stream 
changes over time.) Otherwise, the completing stream will 
be used to support the resume of the pausing viewer. 

We note that before the look-ahead stream becomes 
available, pausing and resuming have to be supported by 
the original stream through (look-aside) buffering of the 
missed content. That is, starting at the pausing point, the 
missed contents of the video are kept for the viewer in a 
look-aside buffer. Further details are given in Sect. 2. Real 
stream capacity will be reserved and put aside only if look- 
ahead streams are not available. An algorithm is provided to 
dynamically select the look-ahead streams and manage the 
buffer. Since all stream and buffer capacities reserved are 
put into common pools to be allocated on demand when the 
viewers go into pause mode, a substantial saving in hard- 
ware resources can be achieved. The scheme also provides 
a means to trade off system throughput and resume delay for 
a fixed amount of buffer. We develop a detailed simulation 
model to study the performance of the LASS scheme and 
conduct a sensitivity analysis of its buffer requirements. It 
is found that with sufficient buffer LASS can substantially 
improve the throughput of the video server compared to the 
conventional approach with no batching of viewers. Fur- 
thermore, for a given amount of buffer, the improvement in 
throughput grows more than linearly with the stream capac- 
ity of the server. That is to say, the LASS scheme operates 
with good economy of scale because it is easier to form 
look-ahead streams for video servers with larger stream ca- 
pacity. 

We briefly comment on some related work to support 
other aspects of VOD. Significant results were presented 
in [9, 13 J regarding admission control techniques and the 



choice of service size to support multimedia applications/in 
[10], the concept of wait tolerance is explored to improve 
the batching effectiveness on viewer scheduling which de- 
termines the order that the viewer requests are scheduled. 
The proposed LASS scheme can work with any admission 
policy and viewer scheduling scheme. It provides an efficient 
way of utilizing disk stream capacity to support the schedul- 
ing of batched viewers with buffer. Certainly, LASS will be 
more effective if the admission policy and viewer scheduling 
scheme result in more and larger batches of viewers. The 
issues associated with supporting fast-forward and rewind 
are addressed in [2, 4]. Various papers have studied disk 
scheduling issues. In [15], a new formulation for disk arm 
scheduling schemes called grouped sweeping scheduling is 
proposed and analyzed. The goal is to minimize the buffer 
requirement. A similar concept is considered in [5J. Fur- 
thermore, [12] studies storage management and disk access 
algorithms in a disk array environment using this grouping 
approach. In [1, 13, 3], the issue of scalable data placement 
is considered. A somewhat different scheduling and place- 
ment perspective is taken in [14]. Nevertheless, both disk 
scheduling and video placement, each of which can affect 
the stream capacity of the VOD server, are orthogonal to the 
purpose of this paper: we assume a given stream capacity for 
the VOD server and try to maximize the number of viewers 
supportable by the server. 

In Sect. 2, the proposed LASS scheme is presented). Sec- 
tion 3 contains a mathematical model and analysis of LASS. 
We describe the simulation model, assumptions and perfor- 
mance results in Sect. 4. Concluding remarks are provided 
in Sect. 5. 



2 The LASS scheme 

The preliminary concept of the LASS scheme is explained 
in Sect. 2.1. We also describe the stream and buffer states 
and provide examples. In Sect. 2.2 we present the stream 
scheduling algorithm where it is guaranteed that a paused 
viewer will be able to resume without incurring any delay. 
In Sect 2.3 we describe an extension of the algorithm to 
provide a means to control the probability of delayed resume 
without strictly guaranteeing the capability to immediately 
resume. This offers a trade-off between the quality and the 
cost of the VOD service. The pause and resume operations 
are discussed in Sect. 2.4. Finally, we consider stream and 
viewing completions in Sect. 2.5. 



2 J Preliminaries 
2.1.1 Basic concept 

As mentioned above, the intent of look-ahead scheduling is 
not to back up each viewer with a real stream capacity so 
he can pause and resume at any time, but to back viewers 
up with a stream which is currently being used for another 
showing to be completed in the near future. This stream 
will be referred to as a look-ahead stream. We note that a 
look-ahead stream cannot simultaneously back up multiple 
viewers. Thus a stream can only be the look-ahead stream 
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Fig. I. Short pause scenario 
r ig. 2. Long pause scenario 
£ Jg. 3. Scenario w ith no pauses 

r»g. 4. Scenario with additional future completions. Symbols correspond to Figs. J -4 



for one viewer at a time. When multiple viewers are batched 
together, only a single stream will actually be used to show 
the video. This stream will be referred to as the active stream. 

Consider a scenario in which a VOD server has a buffer 
capable of storing t time units of a currently showing movie. 
We can let two viewers share the same video stream as long 
:is another stream will become available within an interval of 



t time units. This is referred to as the look-ahead inten al. 
Before the look-ahead stream becomes available, pausing 
and resuming have to be supported by the original stream 
through (look-aside) buffering of the missed content. This 
approach eliminates the need for a real stream capacity dur- 
ing the look-ahead interval. Look-aside buffering can also 
save subsequent stream requirements for short pauses. For 
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a pause which is less than the look-ahead interval, the re- 
suming viewer does not need to use a new stream. Though 
lagging behind the showing of his original stream, the viewer 
can get the video contents from the buffer. 

Thus the look-aside buffering saves stream capacity in 
two ways. First of all, it avoids putting aside stream capac- 
ity to support potential future pause/resume, if look-ahead 
streams can be found. Secondly, for short pauses the need 
for a new stream for the resuming viewer is eliminated. If 
there is not enough buffer to support look-ahead scheduling, 
a stream capacity is reserved to support future pause/resume. 
This stream will be referred to as a resen ed stream. When a 
reserved stream is allocated, the number of useable streams 
of the VOD server is reduced by one. With a reserved stream, 
the (concurrent) viewers can pause at any time; when re- 
suming, the reserved stream becomes the active stream to 
be viewed. 



Example 7. Consider the scenario illustrated in Fig. 1 . Each 
line shows the progression of a particular video request. (The 
horizontal axis indicates the time and the vertical axis indi- 
cates the amount of video remaining to be shown. Thus a 
horizontal line segment indicates a pause.) We indicate the 
active, look-ahead and reserved streams required to support 
each batched showing. At time Tq, the stream S\ showing 
video 1 completes. Assume that the stream 52 showing video 
2 is to be completed at a time less than or equal to T 0 + 1. 
Two requests for video 3 are at the head of the wait queue. 
Since sufficient buffer is available to support t time units, 
the two requests can be batched to share a common active 
video stream S} . Stream 52 will be used as the look-ahead 
stream. Suppose now that one of the new viewers pauses 
before T 0 + 1. If it is a short pause (specifically, a pause of 
less than t units of time), the viewer can resume and be sup- 
ported by the look-ahead buffer. After stream 52 completes, 
it temporarily becomes a reserved stream. We will discuss 
later the way in which 52 can be released. 

The corresponding long pause scenario (longer than t 
units of time) is shown in Fig. 2. Here the resuming viewer 
can be supported by 52, which becomes available before he 
resumes. 

Note that at the time the video shown by a look-ahead 
stream completes, if another playing or reserved stream can 
be found which will be completed within the look-ahead 
interval, a new look-ahead stream can be designated and the 
completing stream can be used to schedule other viewers. 
So a viewer may be supported by a sequence of different 
look-ahead streams over time. 

We now go back to Example 1: If neither of the two 
viewers of video 3 pauses before To + t, S2 will become 
a reserved stream to support 5i (as shown in Fig. 3) un- 
til another stream can be found to serve as the look-ahead 
stream. In Fig. 4, stream 53 of another showing of video I 
will be completed at T\ and stream 54 of video 4 will be 
completed before T\ +f , assuming no pauses. Then, with suf- 
ficient buffer Sy can be used as the new look-ahead stream 
for 5j after T\ — t and stream 52 can be released to schedule 
other waiting requests. At lime T ]y the look-ahead stream can 
be switched to 64 and the previously designated look-ahead 
stream Sy can be released to schedule waiting viewers. 



Table 1. Data structure to maintain stream status 
Stream ID Active Reserved Look-ahead Video ID 



1 y 4 1 

2 y 5 

3 y 5 

4 v 2 

5 v 3 

6 y 
7 



8 
9 
10 



Each member of a group of concurrent viewers of the 
same stream has to be supported by either the real stream 
showing the video or some backup stream, which can ei- 
ther be a look-ahead stream or a reserved stream. Each real 
or reserved stream can become a look-ahead stream of an- 
other showing. There is an additional level of complexity 
due to the fact that the viewer of a look-ahead stream may 
pause, so that the actual finishing time can be uncertain. To 
get around this problem, a stream chosen as a look-ahead 
stream cannot be allowed to pause. If the viewer pauses, the 
stream retrieval will continue and be buffered so that when 
the viewer resumes he will be able to view the video from 
the buffer. Once a viewer can obtain the remaining contents 
of the video from the buffer, no further stream capacity will 
be required for the video. Note that the buffer contents will 
not be released until the viewing is completed. 

2.1.2 Remarks 

First consider the state of the (look-aside) buffer. Each buffer 
block can be in one of three states - reserved, in-use, or 
available. As will be explained in detail later, during the 
scheduling of videos, certain portions of the buffer may be 
put into a reserved state to support pause/resume. A reserved 
buffer block changes into in-use when some video stream is 
stored into it. The remainder of the buffer is neither reserved 
nor in use, and is therefore available for future allocation. 

We now examine the data structure used to keep track of 
the stream status. The VOD server has an upper limit on the 
number of concurrent video streams supportable. A stream is 
considered to be active if it is supporting an actual showing 
of a video. It is in resened state if it is reserved to sup- 
port future pause/resume of the concurrent viewers of some 
showing. If a stream capacity is neither active nor reserved, it 
is available for future showing. In Table 1 we show one way 
of doing the bookkeeping. The status of each stream (active, 
reserved or available) is recorded. If a stream is designated 
also as a look-ahead stream for a viewer in another show- 
ing, information on that showing stream is provided in the 
look-ahead field. We note that at scheduling time, we only 
associate the look-ahead streams with the active showing 
stream. This is equivalent to associating them with the set 
of viewers watching that video. The mapping of streams to 
specific viewers is only done at pausing time, as explained 
in Sect. 2.4. 

Example 2. Assume that three requests for video 1 are sched- 
uled at To and at that time there are no active streams to be 
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Fig. 5. Stream assignment under batching 

completed in the next t units of time. Stream Si is chosen as 
the active stream, and streams S 2 and S 3 are designated as 
reserved streams for the concurrent viewers of Si (see Fig. 5 
and Table I, reserved field of S 2 and S 3 .) We note that these 
reserved streams can be released if some other look-ahead 
stream becomes available later on. The completion time of 
Si is 7b. At time T\ >T C -U two video requests for video 
2 get scheduled. S, is now within t units of time to com- 
pletion, and we assume there is sufficient buffer to support 
Si as a look-ahead stream. We can choose S 4 as the active 
stream and use Si as the look-ahead stream (see Table 1, 
look-ahead field of stream S,). We note that the viewers of 
video 2 are not viewers of S,, but merely use S, as a look- 
ahead stream to support future pause and resume operations. 
If an additional four requests for video 3 get scheduled at 
time T 2 between T { and r c , the stream S 5 can be used as 
the active stream and the streams S 2 and S3 as the look- 
ahead streams, assuming sufficient buffer. In addition, S 6 is 
needed as a reserved stream (see Table 1 in the look-ahead 
fields of S 2 and Sy and the reserved field of S 6 ). Table I 
shows the stream status at this point, where there are nine 
viewers consuming six stream capacities. 



2.2 The scheduling algorithm 

Assume that the VOD server has a look-aside buffer of size 
" and a stream capacity of A r U4V . Let Sresrv be the 
number of reserved streams in the system and N ACT be 
lhc mmb ™ of active streams showinc videos. Let Bresrv 



be the amount of look-aside buffer reserved and Buse be 
the amount of look-aside buffer currently in use. We further 
assume that for each unit of lime a showing requires K 
Mbytes of data. 

If N w customers are waiting for a particular video when 
the video is selected for showing, the following procedure 
determines the largest number C of viewers that can be 
scheduled to allow for pause/resume. Our approach uses as 
many look-ahead streams as possible, given the buffer con- 
straint, and supports the remaining viewers with reserved 
streams. 

More specifically: 

1 . We first need to determine the maximum number of addi- 
tional look-ahead streams supportable given the current 
buffer usage. This is referred to as N LAHEAD and is the 
minimum of the following two quantities: 

- The number of video streams (not yet marked as 
look-ahead streams) to be completed in the next t 
units of time assuming no pausing, where t is the 
length of the look-ahead interval, a prespecified op- 
erating parameter. These are the potential look-ahead 
streams. 

- The number of additional look-ahead streams sup- 
portable by the current state of the buffer. 

Let us order the potential look-ahead streams based on 
their remaining time to completion. It is obvious that 
from a buffering viewpoint we should choose look-ahead 
streams based on this order. Assuming that the tth poten- 
tial look-ahead stream has the remaining time a t * until 
completion, it will need a buffer of size Ka{t to be re- 
served if chosen. This buffer amount is needed for sav- 
ing the video contents (until completion) if the current 
viewer of this potential look-ahead stream transfers into 
a pause state. (A buffer of size Kotit guarantees that the 
rest of the showing can be streamed into the buffer, even 
in the case of immediate pause). If x look-ahead streams 
are chosen, an amount of xKat additional reserved 
buffer will be needed to handle pausing of their asso- 
ciated viewers, where at is the average remaining time 
to complete^ for the first x potential look-ahead streams, 

i.e or = — 1| — . In addition, an amount of Kt buffer 
needs to be reserved to support short pausing of the new 
group of viewers (currently waiting to be scheduled) be- 
fore the look-ahead streams become available. Hence, 
with x look-ahead streams chosen, the total amount of 
buffer that needs to be reserved is {Kt + xKat). Thus, 
from the buffer viewpoint the maximal number of sup- 
portable look-ahead streams is the largest value x such 
that the buffer constraint is satisfied. Denote this maxi- 
mum number of supportable look-ahead streams by A r B . 
2. If Nlahbad > N\ V - 1, we can schedule all these re- 
questing viewers with one real stream for showing the 
video and N\y - 1 look-ahead streams. In this case C 
will equal N w . Otherwise, the number of look-ahead 
streams used is Nlahead- In order to schedule addi- 
tional viewers not backed up by the look-ahead streams, 
we would need to obtain some stream capacities to be 
put into reserved state. The reserved streams obtain- 
able must be smaller than the number of streams avail- 



J42 



able, N avail* which is equal to Nmax - (Nresrv + 
-V.4cr). If & avail > (N w - Nlahead - I), so that 
A\r — X lane ad " I or more streams are available, 
then all requested viewers can be scheduled using Nw — 
Xlahead- \ reserved streams. Again, we have C equal 
to Nw, Otherwise, C will be N A vail + Mlahead- 

Let D be the number of look-ahead streams used. We 
will then set Bresrv to Kt+DKat+Bn E SRV and increase 
& act by one. Also if reserved streams are used, we need to 
increase Nresrv accordingly. Furthermore, Buse w *N be 
incremented when the reserved buffers are actually in use 
to support a pause action. (Bresrv will be decremented 
by ihe same amount.) This buffer will be released when not 
needed. 

We note that by reserving additional amounts of buffer, 
the look-ahead streams assigned can be stretched out further. 
For example, for an additional Kt amount of buffer that can 
be reserved within the next t units of time, we can allow the 
look-ahead streams to be available t time units later. This 
rule can be applied repeatedly. 

When a stream designated as a look-ahead stream is com- 
pleted, we check whether another stream can replace it as a 
look-ahead stream (i.e., within the look-ahead interval of t 
time units to completion), in which case the previous look- 
ahead stream becomes available and new viewer requests 
can be scheduled using its capacity. Otherwise the complet- 
ing stream becomes a reserved stream. If another stream 
will be completed within t + w units of time, the reserved 
stream can be replaced by that look-ahead stream after w 
units of time. It can then be used to schedule another show- 
ing. Further optimization can improve the throughput by al- 
lowing a resuming viewer to merge with a later-showing 
real stream, assuming the timing is compatible. Still, an ap- 
propriate look-ahead stream is required as before to support 
additional pausing in the future. 

2.3 Extensions of the scheduling algoritlim 

The scheduling procedure described above guarantees that a 
pausing viewer will always be able to resume at any time 
without incurring delay. This is certainly a very desirable 
level of service from the perspective of the viewer. How- 
ever, from the perspective of the server it may be more cost- 
effective to tolerate a small probability of delaying viewers* 
resume requests (even if it means not charging these view- 
ers). This could lead to a significant increase in the number 
of concurrent viewers supportable for a given hardware con- 
figuration or, conversely, a decrease in the hardware config- 
uration required for a given throughput. 

We note that in the above scheduling algorithm the buffer 
and the stream capacities reserved are treated as a pool to 
be shared by all viewers. They are not pre-allocated to spe- 
cific viewers, and are allocated only on demand to pausing 
viewers. In other words only the viewers who actually pause 
will consume these buffer or stream capacities. Since in re- 
ality not all viewers are likely to pause at the same lime, we 
run only a small risk of delaying the resuming viewers by 
reserving smaller amounts of streams and buffers. 

Recall that the original buffer constraint on supportable 
look-ahead streams, r, is to find the maximum x such that 



(Kt + xKat) is less than the amount of available buffer 
(B + Br ES r V - Buse)- We revise the buffer constraint 
above to be 9(Kt + xKat + Bresrv) < (B - B USB \ 
where 0, referred to as the buffer reservation ratio, is a tuning 
parameter. To avoid delay on resume, we need to set $ = l. 
Since not all viewers are pausing simultaneously, 0 can be 
set to a lower value while maintaining a low probability 
that a resumed viewer will need to wait. Similarly, Navail 
can be redefined to be Nmax - (FNreserv + NactX 
where 9\ referred to as the stream reservation ratio, is a 
second tuning parameter. In the case of guaranteed no-delay 
resume, both 9 and 9' are set to 1 . 

Note that Bresrv and Nresrv represent the amount 
of system resource being put aside to support fast resume 
operation. Lowering the value of 9 (respectively, 9') reduces 
Bresrv (respectively, Nresrv)- By reserving a smaller 
amount of buffers or stream capacities, the throughput can 
be increased at the expense of resume delay. In the perfor- 
mance result section we will show the sensitivities of 0 and 
9' values to the server throughput and the average resume 
delay or the probability of a no-delay resume. Certainly, 
a given level of performance in terms of throughput and 
resume delay/probability may be achieved by different com- 
binations of 9 and 9' values. This can have an implication 
on the video server configuration selection of whether to 
put in more memory buffers (so a larger amount of buffers; 
can be put aside to support pause/resume) versus disk arms 
(so a larger amount of stream capacities can be put aside to 
support pause/resume). Thus the issue of optimal configu- 
ration selection and operating parameter (9 and 0') setting 
to achieve a given level of performance requires an analysis 
of the cost/performance trade-offs between buffer and disk 
arm. This is beyond the scope of this paper. 



2.4 Pause and resume operations 

We now examine how pause and resume operations are sup- 
ported. For a set of C concurrent viewers sharing a com- 
mon showing stream, there are an additional C - 1 backup 
streams, look-ahead or reserved, associated with the stream. 
The mapping of streams to specific viewers is only done 
at pausing time. To support pausing viewers we first con- 
sider using look-ahead streams, then reserved streams, and 
finally the active showing stream. For the next viewer is- 
suing a pause request, we check whether there are enough 
look-ahead streams among the C— 1 backup streams to cover 
all current pausing viewers and the newly requesting one. If 
so, we say the requesting viewer is supportable by a look- 
ahead stream. The active showing stream is affected only 
when C equals 1, or when all other viewers are already in 
pause mode. 

If the viewer can be covered by a look-ahead stream, 
the reserved buffer is put into use to temporarily buffer the 
missed contents for the pausing viewer up to the length of 
the look-ahead interval t. When the pausing period exceeds 
t y the buffer is released if no other viewers are using it. 

If the viewer cannot be supported by a look-ahead 
stream, he must be supported by either the active stream 
showing the video or a reserved stream. It is further checked 
whether the supporting stream is marked as a look-ahead 
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stream. If this is the case, the video stream will continue 
streaming the video contents into the buffer until comple- 
tion. The operations associated with stream completion will 
be discussed in Sect. 2.5. In case the viewer is supported 
by an actual showing stream not marked as a look-ahead 
stream, the stream can be stopped and resumed later. 

Next consider the resume operation: Upon receiving the 
resume request, a check is made as to whether the resuming 
point is available in the buffer. If so, the viewer resumes 
viewing from the buffer. Otherwise, a reserved stream will 
be converted into an actual showing stream to support the 
viewer. 



2.5 Stream and viewing completions 

We distinguish between stream completion and viewing 
completion. Viewing completion means that the viewer has 
completed the viewing of the video. Stream completion 
means the video stream has run to its end while the viewer 
may be in pause mode and not yet finished the viewing. In 
that case, the content of the video stream is saved in a buffer 
for the viewer. Hence, stream completion can occur either 
before or simultaneously with the viewing completion. 

Let us examine the details of the stream completion op- 
eration. When a video stream is completed, it is checked 
whether this stream or any other associated completing re- 
served stream has been marked as a look-ahead stream. For 
each stream marked as a look-ahead stream, we need to find 
out whether another stream can be identified to replace it, 
and thus be switched into a look-ahead stream. This is ad- 
dressed in detail later. If another stream can be switched into 
a look-ahead stream, that stream is designated as the new 
look-ahead stream to replace the completing video stream, 
and the completing stream is released as an available stream. 
The process of scheduling new video requests can then be 
initiated for the waiting video requests. Otherwise, if no 
other stream can be switched into a look-ahead stream, the 
completing stream becomes a reserved stream. 

Next consider the viewing completion operation. As 
mentioned above, viewing completion may occur later than 
stream completion, since during a pause state for a viewer 
the video stream may continue and be saved in the buffer. 
Upon viewing completion, all buffers in use or reserved for 
the completing viewer are released if not needed by other 
viewers. We ihen check whether stream completion occurs 
at the same time. If so, the appropriate actions for stream 
completion described above are performed. 

Finally, we discuss the process of dynamically switching 
look-ahead streams. Let e be the lag (due to prior pausing) 
of the viewer associated with the look-ahead stream to the 
actual showing stream. If the value of e is equal to zero, 
ihe look-ahead interval is set to f. Otherwise, the amount 
of available buffer is examined. Consider the case where 
there is sufficient buffer for an additional allocation of She. 
Wc will reserve that additional amount of buffer, and the 
look-ahead interval is set to f. For the case where there is 
insufficient buffer for an additional allocation of 9ke t no ad- 
ditional buffer is reserved and the look-ahead interval is set 
to t - ( . It is then checked whether any stream not yet marked 
as a look-ahead stream can terminate in the look-ahead in- 



terval, assuming pausing does not occur. If so, the earliest 
terminating stream is chosen as the look-ahead stream. 



3 Mathematical model and analysis 

A dominant factor in analyzing the performance of the LASS 
scheme is the relative frequency with which viewers choose 
to pause and resume in the course of a single showing. We 
use a state representation for each of these modes as shown 
in Fig. 6: A scheduled viewer initially enters the Resume 
state (/?), where he stays for a period of time of length 
7/j. Then he moves to one of two Pause states; with prob- 
ability p he enters the ShortJPause state (P 5 ), where the 
length of stay is T Ps% and with probability (I - p) he en- 
ters the Long.Pause state (P L ), where the length of stay 
Tp L . The random variables T Ry T Ps and T Pl are assumed 
to be exponentially distributed with means 1//2*, I //xp s and 
respectively. The two pause states reflect two types 
of interruptions which may occur during a video showing: 
momentary interruptions are represented by the Short -Pause 
state, while very long interruptions cause a transition to the 
Long .Pause state. Typically, the Short Pause Fraction, given 
by p, is higher than 1/2. 

In the analysis below we further assume that the system 
resources are fully utilized due to a high arrival rate. This 
implies a small probability of finding an idle stream at any 
time. 

Under the LASS scheme, a viewer can incur delay be- 
fore he returns to resume state, when 9 < 1 or 6* < 1. 
However, the dedicated scheme, which assigns a separate 
stream to each scheduled viewer, incurs no such delay. Thus 
in comparing the two schemes we define a time interval that 
includes only the total time spent by a viewer in either a 
resume or a pause state. 

We now compute the expected throughput ratio provided 
by the LASS scheme as compared to the dedicated stream 
approach. Denote by V the extended length of a video show 
(due to pause/resume operations by a single viewer). Then 
V can be represented as the sum of a series of disjoint 
pause/resume segments, where each segment consists of the 
viewing and subsequent pausing periods. The exception here 
is the last segment which does not contain a pausing period. 
Assume that the viewing segments, V5, i = 1,. ..,n, have 
length T(Vi). In other words, V = , T(K). 

Assuming the length of a video is L, the expected value 
of V can be computed as 

E(L') = L{\ + Qi R - \/L)\pE(T Ps ) + (1 - p)E(Tp L )) 

For the analysis of the LASS scheme, assume first that 
Q = 0' = 0, so that neither look-ahead streams nor buffers are 
reserved for scheduled viewers. A stream capacity of Njmax 
means that N^ A x concurrent viewers can be supported in 
the dedicated scheme. This is the number of viewers that can 
be started or completed in an interval of length E(V). The 
LASS scheme, on the other hand, can support with its buffer 
space an additional number of viewers. For a given look- 
ahead interval t, a resuming viewer may require a buffer 
space of up to Kt Mbytes to tag along a video stream. Thus 
for a total buffer size B t let N D (t) = 7^ denote the number 
of additional concurrent viewers supportable if each of them 
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requests Kt Mbytes. Note that each viewer who completes 
his viewing with a buffer to tag along a video stream starts 
using the buffer only after his first pause. Since the system 
can support A'b(0 such viewers concurrently and each of 
them consumes the buffer allocation only for E{L '^{ $kR 
fraction of the showing, the additional number of viewers 
supportable during an interval of length E(L') is *£?ffi^ . 

Hence, the expected throughput ratio for 9 = 0' = 0 is siven 
by 



(1) 



We now generalize to the case where 0 < 9 < 1 but 
0* = 0. In other words, each additional batched viewer on a 
video showing is allocated a reserved buffer with probability 
9. Thus, viewers who use buffers to complete their showings 
either hold these buffers for the entire duration of the show- 
ing (an average of E(L') time units) with probability 9, or 
starting after their first pause (an average of E(L') - l/^R 
time units) with probability 1 - 9. Hence, we have 



Rt(9,0) = 



,V 4 r . „ + S T B<t)E(L') 



(2) 



For the most general case, where 0 < 9 < 1 and 
0 < 9' < 1, we observe that the number of additional view- 
ers that can be supported by the LASS scheme is the min- 
imum of (1) the additional number of viewers the system 
can support when 0 < 9 < 1, 9' = 0 [as given in (2)], 
and (2) the additional number of viewers that can be sup- 
ported when 9 = 0 and 0 < 9' < 1. Since the first case has 
already been analyzed, we now consider the second case. 
Denote by A r t the number of stream completions within a 
time interval of length t. Given the assumption that the load 
is sufficiently high, a completing stream is used again im- 
mediately for another showing. To simplify our analysis we 
make the assumption that new viewers are scheduled deter- 
ministically at periodic intervals, with an average interval 
length of E(L')/Nmax time units. For a given look-ahead 
interval t, we have N t = tN hSAX /E(L , y Compared to the 
dedicated scheme, the additional number of viewers schedu- 
lable under the LASS scheme is limited by N t /9\ since each 
of these viewers requires a look-ahead stream allocated with 
probability 9' . Note that any viewer that gets look-ahead 
stream support but completes the viewing using a buffer (to 
tag along a video stream) consumes one look-ahead stream 
capacity on the average of 1/fiR time units, until his first 
pause. (As explained in Sect. 2, within this 1 fp. R time period 
the identity of the look-ahead stream changes over time, i.e. 
the allocation of look-ahead stream capacity to a viewer re- 
sults in a sequence of l/tfxn look-ahead stream assignments, 
each lasting t units of time.) Hence, within a time interval 
of length V there can be on the average Up.fi iterations of 
look-ahead stream capacity allocations for additional viewer 
support, and 

Rt{9,9')= ( 3) 
AW +min(^i ■ Ejl^ ^ 
Nmax 




Fig. 6. Transition diagram for Pause/Resume simulation model 

The above computation may be refined to incorporate 
the effect of allowing bounded viewer wait times on system 
throughput and the phenomenon that a fraction of the view- 
ers who complete their viewings with dedicated streams start 
occupying these streams only after their first pause or later. 
Comparison of the analysis with simulation results is given 
in the next section. 



4 Experimental results 

4. 1 Simulation model and assumptions 
4.1.1 Video selection 

Using the above pause/resume model, we simulated the ar- 
rivals of video requests by a Poisson process, with the in- 
terarrival time T distributed exponentially with mean 1 /A. 

Assume that there are M different videos available in 
the server. Upon arrival in the system, a viewer chooses to 
watch the uh video with probability pu I < % < AL We 
assume that the request probabilities are homogeneous in 
time throughout the simulation. Obviously, any change in 
the distribution of hot videos can be reflected by choosing a 
simulation interval of different length. 

The LASS performance was tested for a 2/p/distribution 

[7]: Pi = t , where c = — — is a normalization constant. 

1 JlL i 



4.1.2 System model 

Scheduling of new viewers is done periodically, depending 
on the window size which is given as a parameter. 

Each arriving viewer is handled simultaneously by two 
subsystems: 

1. In the Look-ahead subsystem we implement the LASS 
scheme as described in Sect. 2. 

2. The NoJBatching subsystem simulates the naive scheme, 
which assigns to each viewer a dedicated stream. Thus 
the maximal number of viewers served by the system 
at any time cannot exceed N mox > the total number of 
streams. An arriving viewer is scheduled if there is an 



available stream. A pause is implemented by delaying 
the stream completion time by the length of the viewer's 
pause. Hence, a viewing completion is identified with a 
stream completion event. The stream is then released into 
the pool of available streams. Thus the stream allocation 
policy guarantees that a pausing viewer can always re- 
sume without waiting. 



Table 2. Number of viewers scheduled for increasing number of streams 
where 6 = 0' = 1 .0 



No. streams/buffer(GB) 


No_baichine 


10.0 


U.O 


100 


66 


98 


100 


400 


343 


397 


411 


600 


511 


602 


620 


800 


678 


812 


837 


1000 


838 


1015 


1046 



4.2 Performance results 

We first describe the set of base parameter values used in 
the simulations. Assuming a video showing with the rate 
1 .5 Mbits/s, the amount of buffer reserved for a 1-min pause 
is K as 1 1 .25 Mbytes. We assume that the number of videos 
is M = 100, and the length of a video is L = 120min. We 
further assume that a viewer's pause may last on the average 
either \/jjp s = 1 min with a short pause probability of p = 
0.7, or else I//ip f = 30 min with a probability (1 -p) s 0.3. 
The viewer remains in resume state on the average I/vr - 
40 min, an average of three pauses per viewing. The video 
request rate is nine arrivals per minute. (Note that to measure 
the server throughput we need to set the video request rate 
high enough to drive the video server to its full capacity. 
To prevent overflowing the system, we reject video requests 
based on the maximum number of viewers allowed into the 
system and the maximal lengths of the queues.) The length 
of the look-ahead interval was selected so as to maximize the 
throughput using a standard bracketing and bisection method 
[81. 

In Fig. 7 we show the system maximal throughput versus 
server stream capacity for the case of 9 = 9' = 1.0 compared 
to the No.batching scheme under two different buffer sizes. 
The maximum throughput ratio is defined to be the ratio of 
the maximum throughput of LASS to the throughput of the 
No_batching scheme. With 9 = 9' = 1.0, the resume oper- 
ations do not incur any wait time. Thus an arriving viewer 
is allocated a look-ahead stream and a look-aside buffer, 
which together serve as a backup for any pause which may 
take place during the viewer's video showing. It is important 
to note that for a given buffer size, the maximum through- 
put ratio increases with the server stream capacity. Hence 
the actual improvement in throughput, namely the additional 
number of viewers supportable by the system, grows more 
than linearly with the stream capacity of the server. This is 
due to the fact that it is easier to form look-ahead streams 
for video servers with larger stream capacity. In Table 2 we 
give the numbers of viewers scheduled per 120-min video 
show ing for the scenarios of the LASS scheme shown in 
Fig. 7. Assuming a 10 GB buffer size, the additional num- 
ber of viewers supportable per video showing (compared 
to the No.batching case) is 12 for N inoi = 100, and 177 
f° r -Voox - 1000, respectively. This clearly shows that the 
LASS scheme operates with good economy of scale. The 
more than linear improvement in throughput is mainly due 
to two reasons. First of all, for large servers there are more 
batching opportunities. With a higher request rate, it is more 
likely that multiple requests for the same hot video will ar- 
rive in close time proximity. Secondly, for large servers the 
mean lime between video completions is smaller. Hence it 
is more likely that a look-ahead stream will be found dur- 



ing a given look-ahead interval. In fact, a shorter look-ahead 
interval should be used as explained in Fig. 9. 

For the case 9 = 9' = 1.0, Fig. 8 shows^the sensitivity of 
the maximal throughput ratio to the length of the look-ahead 
interval, where t = 2,.... 16 min, with A r max = 1000 and 
B = 10 GB. We show in Fig. 9 the length of the optimal look- 
ahead interval which maximizes the throughput for different 
buffer sizes with A r mox = 1000 and 100, respectively. For a 
given server stream capacity, larger buffer size allows for a 
larger look-ahead interval. However, we observe that for a 
given buffer allocation, increasing the server stream capacity 
requires a smaller look-ahead interval, as stream completions 
occur more frequently. 

Next we show the effect of varying 9 and 9\ which trades 
off service quality against further throughput improvement. 
Some paused viewers may need to wait to resume if 9 and 
9' are not set to 1. Figures 10-12 present the LASS per- 
formance with stream reservation ratios (#') of 1, 0.5 and 

0, where the buffer reservation ratio (9) varies from 0 to 

1. A buffer size of 10 GB and a stream capacity of 1000 
are assumed. Figure 10 shows that the throughput ratio can 
be improved by reducing the buffer reservation ratio {9) in 
addition to the stream reservation ratio (9*). In Fig. 11, the 
average wait time is calculated only for viewers who need to 
wait for the resume. From Figs. 10, 11 and 12 we note that 
with a small wait probability (for example less than 4.9%) 
and an average wait time under 1 min, we can improve the 
throughput ratio from 1.21 to 1.36 (more than 12%), by set- 
ting 9 = 9' = 0 rather than 9 = & = I. 

In Fig. 13 we compare the simulation results with the 
analysis for 9' = 0 and 0.5 as given in Eqs. I and 3, respec- 
tively. We assume a stream capacity of Nm ax = 1000 and 
a buffer size of 10 GB. For each value of 0, the same value 
of t that yields the maximal throughput was used for deriv- 
ing the simulation and analysis results. The match between 
simulation and analysis is especially close for 9' = 0. 

In Figs. 14-17 we study the system behavior when 9 
and 9' are set to 0. Figure 14 presents the maximal through- 
put ratio versus the length of the look-ahead interval with 

ax 

= 800 and B = 10GB. Even for this case of 
9 = 9* = 0, the throughput is still affected by the length 
of the look-ahead interval, as it determines the maximum 
pause or amount of buffer allocation allowed for a resumed 
viewer to avoid another stream allocation. Furthermore, there 
is a trade-off between the maximal number of viewers the 
system can support concurrently (determined by the length 
of the look-ahead interval) and the average length of time a 
viewer needs to wait to resume. This gives rise to the op- 
timization, used in our experiments, of the value of / that 
maximizes the throughput, while constraining the average 
wait time (to resume) to be bounded by 1 min. In Figs. 15. 16 
and 17 we plot the maximal system throughput versus buffer 
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A variation of the LASS scheme with early stream re- 
lease is considered, where we allow the release of paused 
streams: We increase the system throughput by allowing a 
stream to pause only up to a predetermined amount of time. 
Whenever a stream is paused for that amount of time, it is 
released and becomes available for the use of other view- 
ers, and the corresponding paused viewer will need to get 
another stream when he resumes. In Fig. 18 we plot the im- 
provement in throughput ratio of the LASS scheme with 
early stream release compared to the original scheme. The 
threshold to release the streams on pause is set to 1 min. 
Figure 19 shows the corresponding increase in wait proba- 
bility. We note that an increase of almost 9% in throughput 
ratio incurs an increase of at most 2% in wait probability. As 
before, we allow the system throughput to increase as long 
as the average wait time incurred by the viewers waiting to 
resume does not exceed 1 min. 



5 Summary 

In a VOD environment there are invariably hot videos which 
are requested by many viewers. Batching multiple viewing 
requests for the same video can greatly increase the num- 
ber of viewers supportable by the video server. However, 
the requirement that each viewer can independently pause 
the video at any instant and later resume the viewing with- 
out delay can cause difficulties in batching viewers for each 
showing. In this paper we propose an efficient mechanism to 
support the pause/resume feature while allowing batching of 
concurrent viewers on the same video. The proposed LASS 
scheme exploits the concept of look-ahead stream schedul- 
ing with look-aside buffering. It uses buffering to improve 
the number of concurrent viewers supportable. The concept 
of look-ahead scheduling is not to back up each viewer with 
a real stream capacity so he can pause and resume at any 
time, but rather to back it up with a (look-ahead) stream 
that is currently being used for another showing that is close 
to completion. Before the look-ahead stream becomes avail- 
able, the pause and resume features have to be supported 
by the original stream through (look-aside) buffering of. the 
missed content. 

We have developed analytic and simulation models to 
study the performance of the proposed LASS scheme. We 
compare LASS with the conventional approach where no 
batching is allowed. It is found that with sufficient buffer 
LASS can provide a substantial improvement in throughput 
compared to the conventional approach. Furthermore, for 
a given amount of buffer, the improvement in throughput 
grows more than linearly with the stream capacity of the 
server. The LASS scheme operates with good economy of 
scale because it is easier to form look-ahead streams for 
video servers with larger stream capacity. LASS can also 
provide a means to trade off throughput and resume delay 
based on the amount of look-aside buffer. This trade-off is 
also analyzed. 
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